Nitrogen isotope values from coral tissue collected over depth-light gradients are reported from Jamaica and Zanzibar. The Jamaica suite consists of multiple specimens of three coral species (Montustrea annularis, Porites astreoides, and Agaricia agaricites) sampled at increasing depths. For each species, combined tissue/zooxanthellae 615N decreases significantly with decreasing availability of photosynthetically active radiation. The Zanzibar sample suite was collected from three coral colonies (all Porites Zobatu). Multiple samples, occupying different depths and light regimes, were collected from each coral corallum. The Zanzibar suite shows a significant decrease in 615N over the relatively small depth range represented by each coral colony. Together, these two sample suites suggest that light is an influence on the nitrogen isotopic composition in corals containing symbiotic zooxanthellae. We propose that in high-irradiance conditions, uptake and assimilation of dissolved inorganic nitrogen (DIN) by symbiotic algae and(or) the host strongly depletes the coral internal DIN pool, leading to reduced fractionation relative to reef DIN. In lower light conditions, less dissolved nitrogen is assimilated and fractionation increases. The autotrophic portion of the diet is thought to be sufficiently abundant in nitrogen and isotopically depleted to result in lower 615N of host tissues under lower light conditions.
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( DeNiro and Epstein 198 1; Minagawa and Wada 1984) . These fractionations have been attributed to excretion of isotopically light nitrogen (Minagawa and Wada 1984) .
Nitrogen fractionation during nutrient uptake and assimilation by primary producers (Wada and Hattori 1978; Wada 1980; Montoya and McCarthy 1995) has implications for the nitrogen isotopic composition of zooxanthellate corals. Corals thrive in oligotrophic conditions, largely due to the symbiotic relationship between the coral animal and endosymbiotic zooxanthellae (Symbiodinium microadriaticum) (Muscatine and Porter 1977) . This symbiotic relationship allows corals to act, to some degree, as primary producers (photoautotrophs). Zooxanthellae fix inorganic carbon and nitrogen into organic compounds that can be translocated to the coral host (autotrophy) (Muscatine et al. 1984; Falkowski et al. 1984 Falkowski et al. , 1993 to supplement available exogenous food sources (heterotrophy), including dissolved organic matter (DOM) and particulate organic matter (POM, e.g. zooplankton) (e.g. Muscatine et al. 1989; Risk et al. 1994; Dubinsky and Jokiel 1994) .
Algal symbionts assimilate dissolved inorganic nitrogen (DIN) from the external environment (e.g. Muscatine and D'Elia 1978; D'Elia et al. 1983; Burris 1983; Wafar et al. 1985; Wilkerson and Trench 1986) and from nitrogenous wastes excreted by the coral (Szmant-Froelich and Pilson 1977, 1984; Muscatine and D'Elia 1978; Rahav et al. 1989 ).
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Coral hosts may also be able to assimilate DIN directly (Miller and Yellowlees 1990; Yellowlees et al. 1994) . Calcification appears to support inorganic nutrient assimilation by generating protons that can aid in the uptake of several nutrients (McConnaughey and Whelan 1997) . Muscatine and Kaplan (1994) presented the first S15N measurements for separated coral tissue and zooxanthellae from reef corals using samples collected at Discovery Bay, Jamaica. Both the zooxanthellae and tissue become generally more depleted in 15N with depth. The authors argue for increasing fractionation with increasing light attenuation as a possible influence on the decrease of S15N with depth.
This study expands the work of Muscatine and Kaplan (1994) using combined coral tissue/zooxanthellae from two study areas. Replicate samples of three species of coral collected over a 30-m depth range at Discovery Bay exhibit a strong inverse relationship between mean S15N and light attenuation. In addition, we examined S15N variation over the relatively small depth range from the tops to the bases of three large coral heads at Zanzibar, Tanzania, where variability in factors such as 615N of the environment and nutrient concentrations would be minimized. Coral tissue 61sN decreased from the tops to the less illuminated bases of the heads. The results in both situations suggest that light is a dominant influence on coral tissue 6'"N.
Materials and methods
Coral skeleton and -50 cm2 of adhering tissues per sample were chiseled from the upper surfaces of coral colonies of three species growing on the forereef at Discovery Bay, Jamaica. Samples were nearly horizontal when in situ, except in the case of Agaricia, for which samples at shallower depths were somewhat inclined. Sampling was performed utilizing scuba in January 1993 and January 1994. Specimens of Montastrea annularis, Agaricia agaricites, and Porites astreoides were collected at depths of 1, 5, 12, 22, and 30 m, then oven-dried for 2 d at 60°C prior to shipment to Canada. Porites and Agaricia samples were collected in both 1993 and 1994, while most of the Montustrea samples were solely from 1994. Similar sampling was performed in April 1993 on large colonies of Porites Zobata collected in shallow water (1.5-8.5 m depth) from two small fringing reefs offshore of Zanzibar. Coral skeleton and tissue samples were taken from the tops to the bases of three large coral heads at 25-cm depth increments and frozen for shipment.
In situ light data, used for comparison with coral tissue isotopic values! were measured by one of us (I.M.S.) in the winter of 1986 using a Li-Cor LT-185B quantum radiometer/ photometer with a LI-192SB cosine collector (see Sandeman 1998) . Data were collected for horizontal, vertical, and 45" surfaces to depths of 40 m on the forereef (Fig. 1) . Collection of data occurred at midday, during calm sunny periods. Simple linear regression analyses were performed in order to characterize coral isotopic variations with depth and light attenuation recorded. in the two datasets.
Results

Light availaMty
to Jamaica corals-Data for light, as photosynthetically active radiation (PAR), are presented in Fig. 1 . Light availability to horizontal surfaces (corresponding to Jamaica tissue sample orientation) decreases exponentially with depth ( Fig. 1) . For any given depth it can be seen that light availability decreases rapidly from the tops to the vertical sidles of coral heads. This is particularly true for shaded surface,j (north facing, Fig. 1 ).
Prior to dissolution, excess skeletal material was removed Jamaica coral Gf5N-Nitrogen isotopic ratios of 55 Jawith a diamond circular saw. Particular attention was paid maica corals range from 4.3 to 0.1%0. A summary plot of to removing skeleton, which contained the endolithic algal the Jamaica data ( Fig. 2) indicates an overall decrease in layer directly beneath the coral surface. Each sample was 615N with depth (raw data can be found in Heikoop [1997] placed in 1 N hydrochloric acid to dissolve the aragonite or are available upon request). Regression data for coral tisskeleton and free the tissue/zooxanthellae (Risk et al. 9994) .
sue S15N vs. depth are given in Table 1 . Because light is an Tests were carried out to determine the effect of acid strength obvious correlate of depth, regressions with light attenuation (cf. Bunn et al. 1995) and length of exposure to acid on 615N
were performed (Fig. 3 , Table 1 ). For regression analysis, of coral tissue. Aliquots of tissue from one coral were subPorites and Agaricia data were not distinguished by year of jected to distilled water (by waterpiking) and 0.5, 1 and 3.5 collection. Regression coefficients resulting from pooling of N hydrochloric acid. The first three treatments yielded idensamples from the two years are similar to those obtained if tical results within measurement error. The 3.5 N acid treatsamples are separated by year. Agaricia samples from 1994, ment resulted in a value nearly 1%0 depleted relative to the however, tend to be slightly enriched at each depth relative other tests. Aliquots of a second coral were left in 1 N hydrochloric acid for 5, 10, and 15 d. All treatments yielded identical nitrogen isotopic ratios within measurement error. Following dissolution of the skeleton, the resulting tissue mat was thoroughly rinsed in distilled water and collected on a fine nylon mesh. Samples were centrifuged, and the tissue pellet was freeze-dried to ensure preservation. All data presented here represent combined tissue and zooxanthellae. Freeze-dried samples were loaded into precombusted 6-mmdiameter Pyrex tubing along with an excess of cupric oxide. Approximately 15 mg of sample was employed. The samples were placed under vacuum and the tubes flame-sealed. The samples were cDmbusted at 550°C for 2 h, 1 d prior to analysis. The gases produced by combustion were cryogenically separated online, yielding pure N, or CO, prior to admission to a VG SIRA mass spectrometer. Organic standards (gelatin and glutamic acid), as well as atmosphere standards for nitrogen, were analyzed to estimate precision (as f 1 SD). Precision for these standards was 0.07%0. The repeatability for four replicates (Df one of the corals studied was 0.1%0. S15N results are reported relative to the atmospheric standard. All results are reported in standard delta notation, e.g. S15N = { [(15N/14N)samp'e/('5N/'4N)standardl -11 X 1,000 (in %O units). (Porter 1985; Sandernan 1998 to samples collected m 199". In all cases S15N decreases significantly with increased light attenuation (Fig. 3 , Table  1 ). With the exception of Agaricia, (r? = 0.47 with depth as independent variable), light attenuation explains a similar or slightly greater percentage of S"N variation than depth. The increase in light attenuation explains between 40 and 80% of Discovery Bay coral S15N variation (Table 1) . If mean S5N values at each depth are regressed against light attenuation, -95% of the variance is explained for Porites, Montastrea, and all corals combined. In the case of Agaricia, 99% of the variance in the means is explained by regression with depth.
The most obvious interspecies difference is the enrichment in "N for Porites tissue at each depth, relative to that of the other two species.
Zanzibar coral S'N-Twenty samples from the three Zanzibar P. lobam coral heads display an overall decrease in 6"N with ln(depth) (Fig. 4) . The regressions are highly significant and explain between 75 and 90% of the variation in 6"N (see Table 1 ). Light data were unavailable for this site. Regression coefficients for heads 1 and 2 are similar ( Table  1) . Given the large standard error for head 3, it is not possible to state that the slope of the 611N vs. ln(depth) regression is greater than that of heads 1 and 2. Coral tissue S'IN is similar for the tops of all three heads (Fig. 4) .
Discussion
The decrease in S15N of Jamaica coral with incieasing depth (Fig. 2) is consistent with trends found for separated tissue and zooxanthellae from Discovery Bay corals (Fig. 5; table 1 in Muscatine and Kaplan 1994) . The isotopic shifts in this study, therefore, likely reflect simultaneous isotopic depletions in animal and algal components of the symbiosis. The results from both the Zanzibar and Jamaica suites suggest that light may be a primary control on 61SN of coral tissue.
Influence of light on coral tissue G"N-The strong relationship between 6"N of Jamaica corals and both depth and light attenuation (Fig. 3, Table 1 ) supports the hypothesis that light has an important influence. It is necessary, however, to consider other deptl-related factors that might explain the isotopic variability. One such factor is isotopic vtiation in the sources of "new" dietary nitrogen to corals. Sources of new nitrogen to reef corals include seawater DIN, PON (particulate organic nitrogen, e.g. zooplankton), and DON (dissolved organic nitrogen) (Cook and D'Elia 1987; Rahav et al. 1989) .
If zooplankton were the dominant source of new nitrogen to corals and their zooxanthellae, then a trend in the isotopic composition of zooplankton with depth could explain the observed coral isotopic trends. The external influence of gradients in PON on S15N of coral tissue is unlikely in the settings described here. The Discovery Bay forereef waters are well mixed, displaying nearly constant temperature over depth (Land et al. 1975) . Moreover, the benthic corals feed largely on demersal zooplankton as they rise toward or return from the surface where they feed each night (Muscatine and Porter 197'7) . The isotopic signatures of demersal zooplankton from various depths will be biased toward that of phytoplankton from shallower water. It is very unlikely that there will be any variation in Si5N of zooplankton, or PON in general, over the small depth gradient represented by the Zanzibar coral heads.
Gradients in the isotopic composition of DON are similarly unlikely ir: the well-mixed Discovery Bay environment or over the small depth range represented by Zanzibar coral heads.
Several lines of evidence suggest that DIN is a quantitatively important source of new nitrogen to corals, particularly to shallow-water hermatypic corals. These include observations of gut contents and feeding behavior (Johannes and Tepley 1974; Edmunds and Davies 1986) , zooxanthellar translocation-predation feedback models (Dubinsky and Jokiel 1994) , zooplankton abundance on reefs (Muscatine and Porter 1977; Olhorst 1985) , comparison of coral and zooplankton 615N (Eustice et al. unpubl. data; Yamamuro et al. 1995) , nutrient budgets (Bythell 1988; fig. 5 in Falkowski et al. 1993) , and nutrient uptake studies (e.g. Franzisket 1974; D'Elia artd Webb 1977; Webb and Wiebe 1978; Muscatine and D'Elia 1978; Propp 1982; Burris 1983; Wafar et al. 1985; Wilkerson and Trench 1986; Bythell 1990) . Ammonium appears to be the most readily assimilated dissolved nitrogen species and can be taken up at micromolar concentrations typical of reef waters (Muscatine and D'Elia 1978; Burr-is 1983; B:ythell 1990) . The possibility of variation in S15N of reef DIN as a factor contributing to the S15N trend with depth at Discovery Bay must be considered (Muscatine and Kaplan 1994). Such variation with depth will be small over the well-mixed upper 30 m of Discovery Bay, however, and is unlikely over the scale of Zanzibar coral heads.
Light seems to be the only variable that can explain the isotopic trends observed in both Zanzibar and Jamaica corals. In Zanzibar corals, light is the only factor that is likely to vary over the scale of a single coral head. It is possible that the Zanzibex coral 615N trends are driven by preferential translocation of 15N from the base to the top of the coral or of 14N from the top to the sides. The distinct variation in SlsN from the top to the base of each coral head, however, suggests that there is little translocation of nitrogen, which would more likely have the effect of homogenizing the tissue isotopic signal. Moreover, evidence for organic carbon translocation in cora1.s is often contradictory (e.g. compare Taylor 1977 with Rinkevich and Loya 1984) . When translocation of organic carbon is observed, it is on the order of a few centimeters (Taylor 1977) . It is unlikely that nitrogen will be transported significantly greater distances. Individual samples from the Zanzibar corals were taken at 25-cm depth increments.
Light availability to vertical surfaces of Zanzibar coral heads will be greatly reduced relative to surfaces in less steep orientations ( Fig. 1; Brake1 1979 ). At Discovery Bay the light received by a vertical surface at l-m depth, which is exposed to the maximum amount of incoming insolation, is -60% less than that received by a horizontal surface (i.e. the top of a coral head). At the same depth, a vertical shaded Fig. 3 ).
side of a coral head would receive -95% less light than the top of a coral head. The decrease in ?Y5N with depth, from the top to the sides of the large Zanzibar coral heads, is a substantial fraction (-50%) of the decrease seen over 30 m at Discovery Bay. This decrease occurs over a depth range of only 1 or 2 m (Fig. 5) . In each case, the samples ranged from the horizontal tops of the head to vertical sides near the base of the coral. The different SlsN responses of the three Zanzibar coral heads (Fig. 4) likely reflect variations in coral head morphologies. Owing to the different shapes of the coral heads, no single function can adequately describe the change in SlsN with depth. The common linear relationship between S15N and ln(depth), however, emphasizes similarity in trends. The logarithmic transformation is appropriate, because in general these coral heads steepened quickly from the top (high illumination) to the sides (low illumination), with much of the depth range occupied by near vertical coral flanks.
If light is the main factor influencing variation in SlsN of coral tissue in these samples, we must consider the possibility that it is through the effect of light levels on the proportion of seawater DIN in coral diet (i.e. the trophic status of the corals). Evidence for increased heterotrophy under lower light conditions is found in carbon budgets and models (e.g. Muscatine et al. 1984; Falkowski et al. 1984; Dubinsky and Jokiel 1994) and from the S3C of separated tissue from Discovery Bay corals (Muscatine et al. 1989) . A trophic shift of this nature, however, would generally be expected to raise coral S15N (Minagawa and Wada 1984) .
S'"N of two samples of POM collected from the Discovery Bay forereef at 10-m depth in March 1993, consisting largely of planktonic copepods and chaetognaths, yielded SlsN values of 3.5%0. Isotopically enriched values for separated tissue were recorded by Muscatine and Kaplan (1994) (Muscatine and Kaplan 1994) . These data suggest that tissue isotopic trends toward lower S15N under lower light conditions are not being driven by increased contributions of a heterotrophic diet source, because any such source is isotopically enriched relative to coral tissue. Although increases in heterotrophy will occur with increased light attenuation, some other factor must explain the observed isotopic patterns.
Light-mediated isotopic fractionation during nitrogen uptake and assimilation -If light influences coral tissue 615N, but not simply as a result of changing diet with trophic level shifts, we must then consider the possibility that light influences coral fractionation of DIN during uptake or assimilation. In considering fractionation potential in corals, conditions under which nitrogen might be limiting to the host or symbiont must be accounted for. Muscatine and Kaplan (1994) first explored the issue of light-mediated fractionation using SlsN values of separated zooxanthellae and host tissue. They assumed that zooxanthellae behave similarly to free-living phytoplankton in terms of isotopic discrimination. It was suggested that under lower light conditions, zooxanthellar growth rates would be reduced and nitrogen fractionation during zooxanthellar assimilation of DIN could potentially increase (cf. Wada and Hattori 1978) . Montoya and McCarthy (1995) , however, have postulated that light may directly affect the fractionation factor, cy (ratio of kinetic rate constants, 14kP5k), for phytoplankton DIN uptake by affecting the amount of energy available for active uptake. They contended that under low-light conditions less of the nitrogen immediately adjacent to the cell will be taken up, leading to increased values of a. This same study found no clear relationship between cx and growth rate of algal cells, contrary to the results of Wada and Hattori (1978) . Montoya and McCarthy (1995) argued that since light controlled growth rate in the study of Wada and Hattori (1978) , the principal control on variation in (Y could be light level.
Two models have been proposed to explain the uptake of DIN by reef corals and other marine invertebrate symbioses All regressions indicate a significant decrease in S15N with decreasing light availability (see Table 1 for a regression summary). Individual graphs are shown for each species and for all data. Table 1 for regression summary). Heads 1 and 2 are from a single reef, whereas head 3 is from a reef 10 km distant. for active algal uptake or by providing carbon skeletons upon which to fix nitrogen molecules (Muscatine and D'Elia 1978) . It has been demonstrated experimentally and in field studies that uptake of DIN by phytoplankton involves discrimination against the heavy isotope of nitrogen, leading to a fractionation relative to source, with fractionations up to 12%0 possible [e.g. Wada and Hattori 1978; Wada 1980; Cifuentes et al. 1989; Montoya et al. 1991; Goericke et al. 1994; Montoya and McCarthy 1995) .
In the host assimilation model, the host can take up and assimilate ammonium from the internal coral DIN pool (flux 8, Fig. 6b ) using the enzymes glutamate dehydrogenase (GDH) or glutamine synthetase (GS). GDH and GS activities have been found to be higher in coral hosts than in zooxanthellae (e.g. Yellowlees et al. 1994 ). Light and zooxanthellae also play a role in nutrient acquisition in this model. Miller and Yellowlee:; (1989) have proposed that carbon-rich translocated sugars from the zooxanthellae (flux 4, Fig. 6b ) drive host DIN uptake by providing an energy-rich source to fuel enzymatic uptake. We will consider organic nitrogen fixed in this matter to be photoautotrophic since uptake is dependent on the presence of zooxanthellae and energy from light.
Here we utilize the observations and conceptual model of Muscatine and Kaplan (1994) . Note the sharp trend in 6'"N over a very small depth range corresponding to the distance between the tops and bases of Zanzibar coral heads. These trends display a significant proportion of the variation seen over 30 m at Discovery Bay, Jamaica. Muscatine and Kaplan (1994) data was originally presented for separated tissue and zooxanthellae. We have combined the data assuming the zooxanthellar nitrogen content was 7% of the nitrogen contained in the symbiosis. This arbitrary figure is based on nitrogen or protein ratios of zooxanthellae vs. hosts in several coral species (e.g. Muscatine et al. 1984; Falkowski et al. 1993) . (b) Summary of Jamaica and Zanzibar tissue S'"N compared to 615N of potential nutritional sources (marine DIN and zooplankton). Approximate DIN and zooplankton ranges are after Wada et al. (1975) and Owens (1987) . DIN values do not include isotopically enriched nitrate affected by denitrification. The star marks the measured value of PON from Discovery Bay (see text). Montoya and McCarthy (1995) , developed for phytoplankton, to explain potential zooxanthellar fractionations within a depletion-diffusion scenario. Because zooxanthellae are not directly in contact with a large external DIN pool, the effect of nutrient limitation upon the degree of expression of the fractionation factor must be considered. A simple model is presented below (modified after an algal carbon uptake model presented in Goericke et al. [1994] ). The sim- (Miller and Yellowlees 1989) . PAR, photosynthetically active radiation; ZOOX, zooxanthcllae; CORAL, the coral host; TON, tissue organic nitrogen; N, coral internal (cytoplasmic) dissolved inorganic nitrogen pool. Solid arrows refer to pathways by which DIN can be acquired and assimilated into organic compounds by the zooxanthellae and coral host. Fluxes are as follows: 1, uptake of DIN into host cytoplasm (passive or active); -1, release of DIN from host cytoplasm (passive or active); 2, uptake of DIN by zooxanthellae from host cytoplasm; 3, assimilation of DIN into organic nitrogen (amino acids) by zooxanthellae; 4, translocation of organic nitrogen to the host from the zooxanthellae; 5, host catabolic nitrogen released into the host cytoplasmic DIN pool (note that host urea may also be made available to the zooxanthellae through this flux (cf. Summons and Osmond 1981); 6, host feeding on particulate organic nitrogen (c.g. zooplankton) or dissolved organic matter; 7, release of organic nitrogen in the form of mucoprotein, planulae, zooxanthellae, or dissolved organic matter; 8, host assimilation of DIN from the cytoplasmic nitrogen pool via the action of glutamine dchydrogenase or glutamine synthetase.
plest case of steady state (assuming no growth of the zooxanthellar OBN pool) isotope kinetics is DIN,,, 2 DIN,",,l-i,,, 4 DIN,,,,-i"t > OBN > (Translocate), k I (1) * Because a,,,, the isotopic composition of the mixture of DIN sources utilized by corals, is unknown, a constant has been used. This value is unlikely to vary in the settings described here (see text). t A value of zero has been assigned to reflect the likelihood that uptake is predominantly active and that E, is less than E, (see text). In reality, this fractionation factor may be larger, and therefore S,,, values are minimum. $ The model is solved for the full range of possible J' values (O-l). Values of 0 should occur in areas of high illumination (low light attenuation). Values closer to I will occur in lower light settings. 5 Phytoplankton exhibit a wide range of fractionation factors with respect to both nitrate and ammonium (&Fee table 9.4 in Goericke et al. [1994] and references therein). Common values range between 2 and 9%0. We have chosen a value in the middle of this range for the purpose of example only. WC have chosen to keep .q constant over the range of light variability, although it is possible that .q increases in lower light settings (Montoya and McCarthy 1995) .
where numerical subscripts correspond to numbered fluxes in Fig. 6 . The subscript ext refers to the external seawater DIN pool, coral-int is the internal coral DIN pool, and zooxint is the internal zooxanthellae DIN pool. OBN refers to organic-bound nitrogen formed by assimilation of DIN within the zooxanthellae. k, is the uptake of DIN into the coral internal DIN pool, k_, is the release of DIN from this pool (back diffusion or active excretion from host), k2 is uptake of DIN by the zooxanthellae from the internal coral DIN pool, k3 is the assimilation of DIN into organic-bound nitrogen within the zooxanthellae, and k4 is the translocation of OBN from the zooxanthellae to the coral host. In isotopic delta notation the model becomes
Per mil isotopic enrichment factors [G = 1,000 (a -l)] are presented using the convention that positive values represent isotope effects in which the lighter species reacts more quickly (i.e. product is enriched in the light isotope). We will assume that g4 = 0.
where f equals k-,/k, (i.e. outputs from the internal coral DIN pool must be weighted). Substituting Eq. 4 and 5 into Eq. 3 gives the isotopic composition of the zooxanthellae OBN pool:
We assume that fluxes k, and k-, represent the same process acting in opposite directions and that E, is equal to E-,. For simplicity, only inputs of new seawater DIN to the internal coral DIN pool and fractionations occurring relative to this source are considered in Eq. 6, but the influence of catabolic nitroglzn (flux 5 in Fig. 6 ) as an additional source will be considered below. This model is greatly simplified in that we only show uptake across one host membrane. We have ignored th,z presence of additional membranes such as the perialgal membrane surrounding each zooxanthellae.
Light can have two possible effects on nitrogen fractionation within this model. With decreasing light levels, c2 may increase as suggested for free-living algae (Montoya and McCarthy 1995) . More importantly, because the zooxanthellae are not free-living but are contained within coral tissue (a diffusion barrier or barrier requiring energy for active uptake), light levels could affect the value of J: In Eq. 6, f is the "leakiness" of the cell membrane to DIN (cf. Goericke et al. 1994) . W:th high levels of irradiation, zooxanthellar uptake of dissolved nitrogen (flux 2) should increase (Muscatine and D'Elia 1978) . With greater zooxanthellar usage of DIN from the internal coral DIN pool, f will approach zero (all of the nitrogen entering the internal coral DIN pool will be taken up, including any catabolic nitrogen). Under these conditions the only fractionation observed will be the fractionation, E,, it associated with the initial uptake into the animal tissue (st7e Eq. 6).
Under lower light conditions, zooxanthellar uptake of DIN will be reduced and larger fractionations relative to new seawater nitrogen could potentially occur. Corals from Discovery Bay appear to rely more heavily on exogenous food sources at greater depths (Muscatine et al. 1989 ), but seawater nitrogen could still provide an important source of DIN. In low light, there should also be correspondingly more DIN in the host cytoplasm derived from host catabolism (flux 5 in Fig. 6 ) due to increased heterotrophic feeding (D'Elia and Cook 1988).
With both new seawater nitrogen and catabolic nitrogen (fluxes 1 and 5 in Fig. 6 ) contributing to the internal coral DIN pool, excess nitrogen could be present relative to zooxanthellar demand under low light levels. Under these conditions zooxanthellae will be able to fractionate relative to these sources, and unused heavier DIN can periodically leak (or be transported) from the coral into the external environment (k-, in Eq. 1). With reference to Eq. 6, as k-, becomes larger (k, becomes smaller), f will approach unity (or its maximal value dependent upon membrane characteristics). Under these conditions fractionation associated with zooxanthellar uptake, c;, will be more fully expressed. In other words, because not all of the seawater nitrogen entering the coral is utilized, ;looxanthellar uptake fractionation can occur to a greater extent. The model and the isotopic offset in tissue S15N with depth suggest g2 is greater than E,.
Light is likely a determining factor in the nutrient limitation status of t:orals (Dubinsky and Jokiel 1994) . It has been suggested that while corals under high light are almost certainly nitrogen limited, corals under low light may not be nitrogen limited ilt all (e.g. Muscatine and Kaplan 1994; Jokiel et al. 1994) . This state will tend to promote larger fractionation with decreasing light availability.
The above model is most appropriate for diffusive fluxes but also provides, a useful starting point for considering active uptake and release of DIN (cf. Goericke et al. 1994 ). A similar model has been used to discuss fractionation of ammonium by a marine bacterium (Hoch et al. 1992) . Sample calculations using Eq. 6 are shown in ' Table 2 for a range of possible f values. The range in 615N of OBN calculated in this manner is 5%0. This range is sufficient to account for depth-related variation in S15N of separated zooxanthellae at Discovery Bay between 0-and 50-m depth (e.g. S15N varies between 3.00 and -0.16%0 for zooxanthellae of Montastrea annularis; Muscatine and Kaplan 1994). Presumably zooxanthellae have similar isotopic signatures to the organicbound nitrogen formed by their assimilation of DIN. The full range in f values is unlikely to be represented in the light regime of Discovery Bay.
We can adapt the above model for the case of host assimilation of DIN. Because under the host assimilation model light is driving nitrogen uptake and leading to depletion of the internal coral DIN pool, arguments used to explain zooxanthellar fractionation in the diffusion-depletion model apply equally well for host assimilation here. Eq. 6 would still apply, with 8; replaced by c8 (fractionation during host uptake). GDH-and GS-mediated uptake of ammonium have been demonstrated to involve fractionation against the heavy isotope, with fractionations of -8%0 at pH 7.1 (relative to NH,+; Weiss et al. 1988; Hoch et al. 1992) .
In shallow water (high light settings) both the zooxanthellae and host will have a large energy source for abundant nitrogen uptake from the internal coral DIN pool (fluxes 2 and 8, Fig. 6b ). Only initial diffusion fractionation, E,, will tend to be expressed. In deeper water with reduced light availability, both algal and tissue demand for DIN will be reduced and greater fractionation (g2 [zooxanthellae] and g8 [host] ) can occur. In this model, algal and tissue fractionation occur separately from the same source pool.
Influence of light on coral tissue S15N-Fractionation associated with both the depletion-diffusion and host assimilation models are adequate to explain the decrease in 615N of zooxanthellae with depth at Discovery Bay (Muscatine and Kaplan 1994) . With increasing reliance on an exogenous diet at greater depths, the tissue component of the corals would tend to be driven toward heavier food (probably zooplankton) S15N values. We now consider how decreased light availability might offset this tendency and lead to simultaneous depletion in the tissue component (see Muscatine and Kaplan 1994) .
Under low-light conditions, if the component of host nitrogen derived from DIN (taken up directly by the host and(or) translocated by way of the zooxanthellae) is sufficiently isotopically depleted, its isotopic signature could overwhelm that of the heterotrophic diet. The net effect could be to produce tissues with lower 615N under reduced light conditions. The relatively large isotopic depletion observed for zooxanthellae 61sN with depth (see table 1 in Muscatine and Kaplan 1994) and predicted by the model, for both zooxanthellae and host-assimilated nitrogen, suggest this situation can occur. If the zooxanthellae are depleted it can be expected that photosynthate translocated to the host (flux 4, Fig. 6 ) would tend to be similarly depleted. In order to affect host tissue S15N, the autotrophic contribution to the diet of the coral animal must be both sufficiently isotopically depleted and abundant to result in lower iY5N tissue values under decreased light conditions.
The heavy iY5N values of separated tissue from corals at 50 m at Discovery Bay (Muscatine and Kaplan 1994) suggest that autotrophic contributions can only overwhelm heterotrophic signatures to a certain level of low illumination. That is, in very low-light conditions, translocation and direct host uptake of DIN may be so reduced that corals are predominantly heterotrophic and so become isotopically heavy. We can only assert that there is a strong relationship between coral S15N and light over the range of n-radiance studied (-6-35 Einst mm2 d-l at Discovery Bay; Fig. 1) .
By invoking translocated organic nitrogen to explain lighter tissue values with decreasing light, we have assumed abundant translocation of nitrogen-rich metabolites (e.g. amino acids such as alanine). Translocated organic matter, however, is generally carbon-rich and has been viewed as a "junk food" energy source to corals . For translocation to explain the observed isotopic trends, the translocate would have to provide a higher quality "health food" in terms of nitrogen content or be of sufficient flux to affect tissue isotopic signatures. It has been suggested that most of the DIN assimilated by the zooxanthellae is translocated to the host (Muscatine et al. 1984; Falkowski et al. 1984 Falkowski et al. , 1993 . It is likely that translocated organic nitrogen is an important nitrogen source, especially to shallow-water corals with reduced rates of predation (cf. Dubinsky and Jokiel 1994) . This source of nitrogen may, for example, provide some of the essential amino acids that the coral host cannot generate (Falkowski et al. 1993 ).
Sources of variability in Jamaica coral S15N-In general, the regression coefficients are similar for all three species at Discovery Bay, suggesting that whatever the cause of the light dependence, it is not species dependent. One exception, however, is the higher surface value (y-intercept) for Porites ( Table 1) . S15N of Porites at each depth tends to be higher than that of the other two species. This may imply that this species is the most autotrophic with respect to nitrogen at any given depth. As such, it will more strongly deplete its internal DIN pool (lower value of f in Eq. 6), leading to reduced fractionation relative to the other two species. This is consistent with the small polyps, feeding behavior, and energy budgets of this genus (cf. Porter 1976; Edmunds and Davies 1986) .
Light could explain some of the variation about the mean at each depth for Jamaica corals (Fig. 3) . Small variations in sample orientation, shading by surrounding fauna, and reflectance of surrounding substrate (Brake1 1979) could influence the amount of light received by individual corals. Because we think that S15N is affected by the amount of photosynthesis occurring (as influenced by light), variations in individual coral metabolic response to light availability could also play a role.
Other possible influences on coral S15N-It is possible that fractionation of nitrogen occurs as a result of elimination of DIN, DON, mucoproteins, expelled zooxanthellae, and planulae from corals (fluxes -1, 7, Fig. 6 ) (Muscatine and Porter 1977) . Until more is known about the relative impor-tance of these processes and their associated fractionations, however, their effect on coral isotopic nitrogen balance will remain unclear. Note that because of their symbiotic nature, corals may not show the typical 3.5%0 enrichment relative to diet (DeNiro and Epstein 1981; Minagawa and Wada 1984) . This trend is driven by excretion of isotopically light nitrogen (Minagawa and Wada 1984) , but in shallow-water hermatypic corals most of the excretory nitrogen (particularly the light isotope) will be recycled by the zooxanthellae. Loss of nitrogen from the system will then occur primarily as substances such as mucus or DON. If these substances have SlsN values close to the bulk tissue, no fractionation associated with loss of nitrogen will occur.
Concentration of DIN is another potential control on the magnitude of isotopic shifts. If increased external concentrations of DIN were present, greater nitrogen fractionation could occur during host or zooxanthellar assimilation (Muscatine and Kaplan 1994) . With greater external concentrations, internal concentrations might tend to increase. Given the same demand for nitrogen under a particular illumination, f in Eq. 6 will be correspondingly closer to unity and Ed will be more fully expressed. Gradients in DIN concentration are unlikely, however, in the well-mixed Discovery Bay setting or over the scale of individual Zanzibar coral heads.
Signijcance of light-mediated fractionation models-Neither this study nor that of Muscatine and Kaplan (1994) can discern whether depletion-diffusion with algal translocation or host assimilation is the route by which coral tissue 6'"N may be affected by light. It is possible that both processes are involved. Both fractionation models (i.e. models based on depletion-diffusion and host assimilation scenarios) strongly support the importance of photoautotrophic assimilation of new seawater nitrogen even under the relatively low-light conditions prevalent at 30-m depth. If all of the DIN being assimilated by the host or zooxanthellae was derived from host catabolism of an exogenous diet, then isotopic mass balance would require that the combined tissue/ zooxanthellae 615N closely resemble that of the heterotrophic food source. The trend with decreased light would be expected to be one of enrichment rather than depletion. Increased nitrogen fractionation at depth also suggests that the host is not totally controlling the amount of nitrogen available to the zooxanthellae (see review in Miller and Yellowlees 1989) .
Based on the models derived here, it is unlikely that flux 1 (initial uptake of DIN; Fig. 6 ) involves simple diffusion of the uncharged species ammonia. Membrane diffusion of ammonia involves fractionation on the order of 39%0 (relative to ammonium; i.e. including deprotonation equilibrium effects; Hermes et al. 1985; Hoch et al. 1992) . Corals would be expected to have much lower 615N if diffusion of ammonia were quantitatively important. If ammonium is then the predominant species taken up, calcification may play a role in nutrient uptake. If protons generated by calcification are discharged into the coelenteron, more nitrogen will be kept in the protonated form NH, ' and will be available for active uptake (cf. McConnaughey and Whelan 1997).
If we assume 6, is negligible and that f is close to 0 for specimens collected under the greatest illumination, then minimum S15N of DIN would be -3-4%0 at Discovery Bay and -5.5%0 at Zanzibar. These values are at the lower end of the range of typical seawater DIN values ( Fig. 5b ; see also fig. 5 in Owens 1987) . There is no evidence, however, in the Discovery Bay dataset that even near-surface corals are nitrogen limited. There is no definite plateau in 615N (even for the most autotrophic species, Porites) (Fig. 3) over a range of shallow depths, which suggests all corals within this range are nutrient limited and therefore exhibit minimal fractionation. A single sample of Poritesfurcata sampled at 5 m had 615N of 5.4%0. This branching, small-polyp form may be more autotrophic than the other species considered (cf. Porter 1976) , and as such may be less fractionated relative to source. If so, then all other Jamaica corals in this study may be e:<hibiting fractionation relative to reef DIN. It is possible tlat with a better understanding of nitrogen fractionation in corals, shallow-water autotrophic species might prove to be useful indicators of 61sN of reef DIN, at least in oligotrophic settings.
Conclusions
The results of this study suggest that decrease in coral tissue S"N is directly due to lowering light levels. .Data from Jamaica and Zanzibar show decreasing SsN over gradients corresponding t13 decreasing light availability. The depth range at Zanzibar is so small that we conclude that it is light and not depth itself that is the critical factor. The light effect is not due to a simple increase in heterotrophy, but rather light acts as an endogenous control on the degree of fractionation expressed during nitrogen uptake and assimilation, affecting both the zooxanthellae and tissue components of the symbiosis. IJnder conditions of internal nutrient limitation (as affected by light and nutrient concentration), corals may exhibit minimal fractionation of nitrogen and might prove to be useful indicators of SlsN of dietary seawater DIN. To test this hypotheses detailed isotopic studies of inorganic and organic nitrogen sources on reefs will have to be undertaken.
